4 revert this process and dephosphorylate AKT1 and GORK1, respectively (Lee et al.,
104
To achieve the necessary specificity of protein-protein interactions, the CIPK/CBL 105 modules and their targets have co-evolved discrete scaffold domains or small 106 sequence motifs that mediate and control the interactions (Lan et al., 2011; Sanchez- 
174
With the exception of the mentioned singularities, all the repeats show similarity with 175 the ANK-repeat consensus sequence. This conservation includes mainly those 176 residues involved in the boundaries of the secondary structural elements, in the core of 177 the individual repeats and in the repeat-repeat stabilization (Fig. 1C) (Michaely et al., 7 distribution in the surface of the ANK domain that is reinforced by Arg552 versus 188 Asp581, Glu624, and Glu690, in stark contrast with the symmetric architecture of the 189 tertiary structure of the domain (Fig. 1D ).
191
We reasoned that these structural peculiarities could provide the basis for the ANK 192 function in the protein-interaction specificity of AKT1. To analyze this issue, we aligned the key residues configuring the surface properties of the concave side of the AKT1 8 different Arabidopsis K + channels. This suggests that the ANK domain of individual 202 channels is likely to play an active role providing specificity to the interaction with 203 protein partners involved in their regulation.
205
The crystal packing of the ANK domain does not reveal any interaction suggestive of 206 self-association (Krissinel and Henrick, 2007) . To examine the oligomeric state of the 207 ANK domain in solution, we determined the ANK peptide size in solution by size 208 exclusion chromatography. Results showed the monomeric nature of the ANK domain 209 (Supplemental Fig. S3A ), and suggested that the ANK domain of AKT1 is fully 210 available to interact with CIPK23.
212
The properties of the complex between the ANK domain of AKT1 and the 213 catalytic domain of CIPKs
214
The structure of the ANK domain of AKT1 provides the basis to investigate the nature 215 of CIPK23-AKT1 association. We performed yeast two-hybrid (Y2H) assays using the 216 full-length CIPK23 protein, the complete cytosolic domain of AKT1 (AKT1cyt; residues 217 296-857), and two mutated versions changing the polarity of the concave side of the 218 ANK domain, namely AKT1(-) (Arg528Glu and Lys561Glu double mutant), and 219 AKT1(+) (Glu624Lys, Glu658Lys, and Glu659Lys triple mutant) (Fig. 2) . The results 220 confirmed that CIPK23 interacts with AKT1cyt (Lee et al., 2007) . Interestingly, the 221 replacement of the basic residues at the concave side of the ANK domain with acidic 222 residues in AKT1(-) did not affect the interaction of the AKT1 fragment with the kinase 223 in the Y2H assay, whereas the replacement of the acidic residues with basic residues 224 in AKT1(+) disrupted the interaction. These findings corroborate the involvement of the 225 concave side of the ANK domain in the interaction with CIPK23 and demonstrate the 226 electrostatic nature of the interaction.
228
To investigate whether the properties of the ANK domain provide specificity for CIPK23 229 versus other CIPKs, we repeated the Y2H assays using CIPK16 and CIPK24. CIPK16 230 has been shown to interact with the C-terminal tail of AKT1 and also to activate AKT1 231 transport in a CBL1-dependent manner, although the induced K + current was much 254 Keskin et al., 2008; Perkins et al., 2010) . These results signify that mutations leading to 255 AKT1(-) fragment improve the interaction with CIPK23. Conversely, as observed in the 256 Y2H assays, we were not able to detect AKT1(+) binding to CIPK23HA by biolayer 257 interferometry (Supplemental Fig. S3B ).
259
Strengthening the interaction between CIPK23 and the ANK domain of AKT1 260 contributes to channel activation 261 Previous studies have shown that the physical interaction between AKT1 and CIPK23 262 is absolutely required for channel activation (Xu et al., 2006; Lee et al., 2007) , and that 
277
The ANK domain of AKT1 is not essential for K + transport
278
The presence of ANK domains is a feature common to several tetrameric cation 279 channels with known structure, among them the non-selective cation channels TRPA1 280 (Paulsen et al., 2015) and TRPV1 (Gao et al., 2016) , the voltage-gated potassium (Kv) 11 channels, and the lipid-gated cation channel TRPC3 (Tang et al., 2018) . Despite this 282 structural commonality, the role of the ANK domains in the function and/or the 283 regulation of these channels remains to be elucidated. Their high-resolution structures 284 showed that these ANK domains are likely essential for channel activity since they 285 display intermolecular interactions between them and with other domains of different 286 protomers making up the channels, thus contributing to macromolecule stabilization, 287 and/or being involved in the transduction of information from the cytosolic domain to 288 the transmembrane pore. On the contrary, previously reported Y2H analysis showed 289 that while the cytosolic domain of AKT1 is self-assembled into tetramers, the ANK 290 domain does not interact with the other domains comprising the protein structure of 291 AKT1 (Daram et al., 1997) . To determine whether the ANK domain of AKT1 is required 292 for K + transport, we tested the functionality of full-length AKT1 in a yeast mutant 12 defective in K + uptake and compared it to that of a mutated AKT1 protein lacking the 294 ANK domain. This assay has the advantage that the basal AKT1 transport activity in 295 the absence of CIPK23 is robust enough to support yeast growth at low external K + 296 concentrations, likely due to large negative membrane potentials in K + -starved yeast 297 cells. Our results showed that the AKT1 channel lacking the ANK domain was 298 functionally expressed in yeast and restored cell growth at low K + concentrations 299 similarly to the wild-type channel (Fig. 4 ). Next, we tested the functionality of the 300 mutated forms of the channel leading to AKT1(-) and AKT1(+). Both mutated channels 301 behaved as the wild-type channel, indicating that the mutated proteins were expressed 302 and that the change in the polarity of the ANK domain did not affect the transport 303 mechanism of the channel (Fig. 4 ). Together, these results show that the ANK domain 304 is not essential for AKT1 function or stability and suggests that it would be mostly 305 involved in the recruitment of regulatory proteins, e.g. CIPK23, to the vicinity of the 306 channel.
domain of CIPK23

310
Attempts to crystallize the protein complex between the ANK domain of AKT1 and the 311 CIPK23 kinase were unsuccessful. Instead, we took advantage of the structural 
322
To build de-novo the three-dimensional structure of the CIPK23-ANK domain complex,
323
we first generated a set of models based on the crystal structure of CIPK23 and of the 324 ANK domain that accounted for the predicted conformational variability of the proteins.
325
Then, we selected those docking solutions that correctly involved the experimentally 326 determined residues as participants in the interaction. Finally, we performed molecular 327 dynamics simulations on the best solution to optimize the geometry of the amino acid Fig. S3 ). Indeed, we have shown that deletion of 367 the ANK domain did not suppress channel activity in vivo (Fig. 4) . Together, these data 368 indicate that the ANK domain would be fully available to interact with CIPK23 and that oocytes showed that the strength of the physical interaction between the ANK domain 379 of AKT1 and CIPK23 ultimately determined the ability of the kinase to activate the 380 channel (Fig. 3) . Hence, we suggest that the physical interaction with the ANK domain of the ANK domain of plant VG channels may provide the basis for such specificity 388 ( Fig. 2 and 3; Supplemental Fig. S2 ). The regulation of AKT1, and also GORK, 389 includes many different molecular partners, hormones, ions, and posttranslational 390 modifications that ensure a finely tuned signal output in response to a particular input 391 (Sanchez-Barrena et al., 2013; Xia et al., 2014; Edel and Kudla, 2016; Lefoulon et al., 392 2016; Behera et al., 2017; Cherel and Gaillard, 2019; Forster et al., 2019) . Hence, the 393 CIPK-ANK domain interaction may represent an additional component of a complex 394 and multivalent set of interactions required to achieve specificity for channel activation 395 ( Fig. 6 ).
397
The joint analysis of our structural and biochemical data shows that the shallow nature 398 of the concave side of the ANK domain of AKT1 provides an almost flat interface to 399 interact with the catalytic domain of CIPK23 ( Fig. 1 and 5A) . This topology and the 400 electrostatic nature of the interface (Fig. 2) suggest that the protein-protein interaction 401 would not be restrictive (Krissinel and Henrick, 2007) . However, our data show that the 402 properties of the CIPK23 binding site at the ANK domain provides specificity for this 403 kinase versus other CIPKs (Fig. 2) . However, it should be noted that previous 404 biochemical data showed that the specificity of the interaction between AKT1 and 405 different CIPKs may not lay exclusively in the interaction between individual CIPKs and 406 AKT1. Instead, the physical interaction between a particular CBL-CIPK complex and 407 AKT1 could be the key to selectively activate the target channel (Xu et al., 2006; Lee et 408 al., 2007) . Phosphorylation of CBLs by their interacting CIPKs is a common event proteins (Du et al., 2011 ) (Hashimoto et al., 2012 , and could also help to stabilize the 411 CIPK-CBL complex (Lin et al., 2009; Du et al., 2011) . Accordingly, phosphorylation of 412 CBL1 by CIPK23 is absolutely required for the CBL1-dependent enhancement of 413 CIPK23 activity toward its substrate and the in vivo activation of the AKT1 channel in 414 oocytes (Hashimoto et al., 2012) . However, CBL9 can itself interact with AKT1 415 independently of CIPK23 (Grefen and Blatt, 2012), although the binding site has not 416 been identified. Because CIPK23 uses different domains to interact with partners, i.e.
417
the catalytic kinase domain to bind the ANK domain of AKT1, and the FISL/NAF 418 domain to bind with CBL1/9, conceivably AKT1, CIPK23, and CBL1/9 could form a 419 multiprotein complex via one-to-one interactions, thereby providing enhanced target 420 specificity to the CIPK-CBL module. However, CBL4 and CBL10, which do not bind 421 CIPK23, also interacted with AKT1 (Grefen and Blatt, 2012; Ren et al., 2013) and 422 structural analyses of CIPK-CBL complexes have shown that the FISL/NAF domain of 423 the bound CIPK occupies the hydrophobic cleft that enables the CBL to bind partners 424 (Sanchez-Barrena et al., 2007; Akaboshi et al., 2008) . This suggests that binding of 425 CIPK23 and AKT1 to CBL1/9 could be mutually exclusive. Supporting this view, CBL10 426 competed with CIPK23 for binding to AKT1 and negatively modulated AKT1 activity 427 (Ren et al., 2013) . In conclusion, how the required specificity is achieved to ensure 428 non-promiscuous interactions between CIPK23 and the various Arabidopsis channels 429 containing the ANK domain deserves further research. Altogether, the available data 430 suggest that the CIPK23-ANK domain interaction, together with other sets of multiple 431 and simultaneous low-affinity interactions (Fig. 6) , could provide a regulation of K + 432 homeostasis that would occur only when the interacting partners meet at the cell 433 membrane in the vicinity of AKT1. This situation ensures an effective activation of the 434 channel and warrants the versatility of the interacting partners to participate in different 435 regulatory process.
437
Finally, the discovery of point mutations in the surface of the ANK domain of AKT1 that 438 improve K + transport activity by strengthening the interaction with CIPK23 may single channel BLItz system (ForteBio). Histidine-tagged ANK domain and the mutated 448 domains AKT1(-) (R528E K561E) and AKT1(+) (E624K E658K E659K) at 0.1 mg/ml 449 were immobilized on a Ni-chelated biosensor tips, and the purified domain of CIPK23 450 was added to the biosensor at three different concentrations to estimate the affinity 451 constant at room temperature. Each binding reaction was carried out in 50 mM Tris 617 Supplemental Table S1 . Crystallographic data collection and refinement statistics.
618 Supplemental Table S2 . The atomic coordinates of the calculated complex between 619 the ANK domain of AKT1 and CIPK23. 
647
Yeast two-hybrid assay of full-length CIPK23, CIPK16, or CIPK24 and the wild-type 648 AKT1 C-terminal domain (residues 296 to 857) or mutant versions AKT1(+)
649
(Glu624Lys, Glu658Lys, and Glu659Lys), and AKT1(-) (Arg528Glu and Lys561Glu).
650
Five microliters of serial decimal dilutions of yeast cultures were spotted onto SD plates 651 minus leucine and tryptophan (-LT), or minus leucine, tryptophan, histidine (-LTH).
652
Growth on SD -LTH medium indicates protein-protein interaction. Figure 4 . The ANK domain of AKT1 is not required for K + transport and mutations in (∆trk1, ∆trk2) were transformed with the empty vector pFL61 (+vector), the wild-type 669 AKT1 cDNA (+AKT1), the mutant AKT1 allele lacking the ankyrin repeat coding region 670 (+AKT1∆ANK), or the mutated versions of AKT1 (+AKT1(+)) and (+AKT1(-)).
671
Transformed yeast cells were grown overnight in Arginine Phosphate ( 
